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Complete calcification of osteoid could account for the presence of aluminium lines within fully calcified bone. The Aluminon stain appears to be a more sensitive method for the detection of aluminium in bone than electronprobe Xray microanalysis.
Aluminium can be detected at the interface between osteoid and calcified matrix (the mineralisation front) in bone from some patients with chronic renal failure'" after exposure to high levels of aluminium in the dialysis water78 or following treatment with aluminiumcontaining phosphate-binding drugs.39 10 At this site it appears to interfere with mineralisation and thereby cause osteomalacia, although its precise mechanism of toxic action remains obscure. In many biopsy specimens from patients with aluminium-related osteomalacia, however, one or more aluminium lines can also be seen within the calcified bone matrix.2356 Thus, despite the presence of aluminium at the mineralisation front, thickened osteoid seams appear to be able to calcify, although the mechanism whereby this calcification takes place remains unexplained.
On review of our bone biopsy specimens from patients with aluminium-related osteomalacia we noted that many had irregularly shaped areas of patchy mineralisation within the thickened osteoid seams as well as aluminium lines within the fully mineralised bone. This form of mineralisation differs from normal mineralisation in that the latter takes place linearly along the interface between osteoid and calcified bone, the mineralisation front. This front can be seen as a thin line with toluidine blue staining or following tetracycline labelling. We studied the patchy mineralisation in detail using light and electron microscopy.
The results are described of our histomorphometric, ultrastructural, and X-ray microanalytical study of the patchy mineralisation in bone biopsy specimens from five patients with aluminium-related osteomalacia. On the basis of the light microscopic and ultrastructural findings we propose a mechanism to explain the presence of aluminium lines within calcified bone that is related to healing of the mineralisation defect.
Methods
We reviewed sections from 55 undecalcified bone biopsy specimens taken over a five year period from 35 renal dialysis patients with biopsy proven aluminium-related osteomalacia (increased extent and thickness of osteoid seams and positive aluminium staining along the interface between the osteoid and the fully calcified bone, the mineralisation front). In 38 of the specimens we observed irregularly shaped areas of patchy mineralisation within the thickened osteoid seams in sections stained as heavily or as uniformly as the underlying fully calcified bone. The number of sites of focal calcification (<40 gm diameter) was counted in three Von Kossa-stained non-consecutive step sections since their outer edges were delineated most clearly with this staining method. Those foci in which an osteoid osteocyte could be visualised ( fig 4) were expressed as a percentage ofthe total number of small foci in each case.
ELECTRON PROBE X-RAY MICROANALYSIS
This is an established technique used for the localisation and measurement of the concentration of elements within tissue at the ultrastructural level. '2 Ultrathin sections (150 nm) were prepared from the undecalcified, methyl methacrylateembedded specimens from which the sections for morphometry had already been cut using a technique described previously.' Small blocks (3 x 3 mm) were cut from the sectioned faces of each specimen at sites where focal or diffuse mineralisation of the osteoid had been detected in the toluidine blue-stained sections and where aluminium was seen at the underlying mineralisation front. The ultrathin sections were cut through these areas of patchy calcification on a dry diamond knife in an LKB IV ultramicrotome, placed in the centre of formvar support film on copper single hole mounts and then carbon coated.
Various sites, including the superficial calcified matrix, small (200-300 nm) and large (300-600 nm) mineralisation nuclei, were examined for the presence of calcium, phosphorus, and aluminium. A minimum of ten analyses was carried out at each of these three forms of mineralisation in each specimen from each case. Calcium and phosphorus concentrations measured in the large mineralisation nuclei and in the surface bone were compared with values from the mineralisation front and surface bone measured in specimens from four patients with chronic renal failure and secondary hyperparathyroidism who had normal mineralisation and negative aluminium staining. In addition, in the aluminium positive specimens the calcified bone within the 
Ultrastructural examination of the ultrathin sections cut from each biopsy specimen from both groups of patients showed a widespread distribution of discrete, electron-opaque structures within the thickened osteoid. At some sites, particularly in the aluminium-positive renal cases, their distribution was heaviest around osteoid osteocytes ( fig 5) corresponding to the periosteocytic calcification seen in the histological sections. A relatively clear zone was seen between these mineralisation nuclei and the mineralisation nuclei at the osteoid/ bone interface (fig 6) . At other sites a more widespread distribution was present within osteoid ( fig 7) . The mineralisation nuclei within these areas of diffuse calcification ranged in size from 100-600 nm in diameter.
Mean calcium concentrations (fig 8) and mean Ca2+:P-mass ratios (fig 9) in the large mineralisation nuclei (300-600 nm) and surface bone in the aluminium-related osteomalacia specimens were significantly lower than values in corresponding sites in the vitamin D deficiency-related osteomalacia specimens. Calcium concentrations and Ca2+:P-ratios in the large (300-600 nm) and small (< 300 nm) mineralisation nuclei in the aluminium-related osteomalacia samples were significantly lower than values in the surface bone of the vitamin D deficiency-related osteomalacia samples. In addition, the calcium concentrations and Ca24 :P-ratios in the large mineralisation nuclei in the aluminium-related osteomalacia specimens were significantly lower than the values in the superficial calcified bone in the four secondary hyperparathyroidism specimens (Ca2+ 282 ± 15 mg/g, p < 0-02; Ca2+:P-1 91 + 0-01, p < 0 001) (figs 8 and 9).
However, values for phosphorus concentrations measured in the large mineralisation nuclei and in the superficial calcified bone in the aluminium-related osteomalacia specimens did not differ significantly from those in the vitamin D deficiency-related osteomalacia or secondary hyperparathyroidism specimens (data not shown).
Aluminium was not detected in mineralisation nuclei within the areas of patchy mineralisation and, surprisingly, was rarely detectable in sites probed within the superficial layer of the calcified bone or in the immediately adjacent mineralisation nuclei despite being seen at these sites by means of histochemical stain. Furthermore, aluminium was not detectable deep within the fully calcified bone at sites corresponding to the location of positively stained aluminium lines in the histological sections.
Discussion
We have shown by means ofboth histochemical staining and electronprobe X-ray microanalysis that patchy mineralisation occurs within thickened osteoid seams in aluminium and vitamin D deficiency related osteomalacia. These irregularly shaped areas of mineralisation occupied up to 69% of the volume of the osteoid and ranged in size from small foci (< 40 not see aluminium peaks on most of the spectra at these sites and the aluminium concentrations did not rise above background, presumably because they were below the limit of detection of this system (approximately one part per thousand) which thus appears to be less sensitive than the Aluminon stain. In contrast, in our previous studies of aluminium-related osteomalacia, we were able to detect aluminium by means of both histochemical stain and the electron microprobe at the osteoid/calcified bone interface.'" However, in those 21 cases patchy calcification was not present within the thickened osteoid seams above the aluminium deposits.
We do not know why the concentration of aluminium in the present cases is below the limit of detection of the electron microprobe. One possible explanation is that the aluminium gradually leaches out of bone with time as has been observed histochemically on unremodelled bone.'9 A gradual reduction in the aluminium concentration in bone could permit the return of mineralisation, albeit patchy, as in our cases, although the mechanism of reduction is not clear. Rapid removal of aluminium from bone can occur during treatment with desferrioxamine but this appears to be followed by the return of normal bone mineralisation along calcified bone/osteoid interfaces20'2 rather than patchy mineralisation within the thickened osteoid seams. In these studies, histochemical staining rather than electron microprobe analysis was used to detect aluminium. We are unaware of other studies which have compared the sensitivity of X-ray microanalysis with histochemical stains for aluminium in specimens showing healing of the mineralisation defect. However, Denton et al have shown previously than in cases of aluminium-related osteomalacia another stain for aluminium, solochrome asurine, is more sensitive than wavelength dispersive X-ray microanalysis, a technique that is more sensitive than the energy dispersive X-ray microanalysis that we used.22
